Radiaitve mechanism of conformal symmetry breaking in a comformal-invariant version of the Standard Model is considered. The Coleman-Weinberg mechanism of dimensional transmutation in this system gives rise to finite vacuum expectation values and, consequently, masses of scalar and spinor fields. A natural bootstrap between the energy scales of the top quark and Higgs boson is suggested.
Introduction
In spite of the recent discovery of the Higgs boson at LHC, we still do not have clear answer about the fundamental origin(s) of the electroweak energy scale. The same concerns the question about the origin of the QCD energy scale Λ QCD . There is a principal difference in the treatment of these scales within the Standard Model (SM) [1, 2, 3] . Namely, the electroweak scale (∼ 100) GeV is provided by the value of the tachyon mass parameter in the primary SM Lagrangian, while the QCD scale is not related to any parameter of the Lagrangian. It is commonly assumed that Λ QCD appears due to the mechanism of the dimensional transmutation caused by the conformal anomaly in the QCD Lagrangian (and that could happen even with massless quarks). In this letter we suggest a simple reduction of the electroweak SM to its conformal-invariant version and show that the mechanism of the dimensional transmutation gives rise to condensates and masses for scalar (the Higgs boson) and fermion (the top quark) fields.
According to the general wisdom, all SM particles (may be except neutrinos) own masses due to couplings with the Higgs boson vacuum expectation value. This expectation value is brought about by the spontaneous breaking of the global symmetry in the Higgs sector [4, 5] . In the SM, one deals with the potential
where one component of the complex scalar doublet field φ = φ + φ 0 acquires a non-zero vacuum expectation value φ 0 = v/ √ 2 if µ 2 < 0 (the stability condition λ 2 > 0 is assumed). The presence of the tachyon-like mass term in the potential is crucial for this construction. In contrast to the spontaneous symmetry breaking, it breaks the conformal symmetry explicitly being the only fundamental dimensionful parameter in the SM. We recall that the explicit breaking of the conformal symmetry in the Higgs sector gives rise to the serious problem of fine tuning (or naturalness) in the renormalization of the Higgs boson mass, that is certainly one of the most unpleasant features of the SM.
In the classical approximation, the condition of the potential minimum yields the relation between the vacuum expectation value and the primary parameters µ and λ in the form v = −2µ 2 /λ. Within the SM this quantity is related as well to the Fermi coupling constant, derived from the muon life time measurements: v = ( √ 2G Fermi ) −1/2 ≈ 246.22 GeV. It was shown that the measured value of the Higgs boson mass makes the SM being self-consistent up to very high energies of the order of the Planck mass scale [6, 7, 8] . Direct and indirect experimental searches push high up the possible energy scale of new physical phenomena. In this situation the question, why the top quark mass, the Higgs boson mass, and the electroweak (EW) scale v are of the same order, becomes more and more intriguing.
The idea about dynamical breaking of the EW gauge symmetry with the aid of the top quark condensate was continuously discussed in the literature since the pioneering papers [9, 10, 11, 12] (see the state of art, for example, in [13, 14, 15] and references therein). It has been already mentioned by P. Higgs [5] that a EW symmetry-breaking scalar field can be described by a non-elementary bilinear combination of Fermi fields. It is especially noteworthy that such approaches require the introduction of new interactions beyond the SM. For example, it can be an interaction of the four-fermion type, similar to the one in the Nambu-JonaLasinio model. However, numerous high-energy experiments, which are continuously looking for signals of such new physics scenarios, do not manifest any success in this direction.
We recall that quark condensates correspond to quadratically divergent tadpole loop diagrams in the Quantum Field Theory. In the perturbative QCD such diagrams have zero weights due to the gradient invariance of the gluon-quark interaction. In fact, this can explain why there is no any direct information on the top-quark condensate value from highenergy observables 1 . Nevertheless, in the same way as in the low-energy QCD, scalar degrees of freedom can have non-zero contributions due to their effective interaction with fermion condensates. As a matter of fact, in the SM there is a coupling of a fundamental scalar to a fermion pair. Within the SM, such single-propagator one-loop integral contributions are known to cancel out everywhere except the Higgs sector, where they lead to the fine tuning problem mentioned above. It is highly unlikely (i.e. only due to an extreme fine tuning) that the proper renormalization will completely diminish such terms. We underline that the very existence of quark condensates has nothing to do with four-fermion interactions.
All mentioned facts suggest that: i) it might be worth to examine the possibility of a tight relation between the top quark and Higgs boson mass scales; ii) further to clarify a relationship between a conformal anomaly and the appearance of the EW energy scale. As discussed in ref. [16] , the radiative stability of the Higgs boson mass, i.e., a resolution of the naturalness problem, can be ensured by the classical scale invariance. Attempts to exploit the classical scale invariance in construction of the SM became rather popular in the literature, see, e.g., [17, 18, 19, 20] , but most of them introduce specific new interactions beyond the SM.
Radiative Breaking of Conformal Symmetry
To begin with, we recall the mechanism of radiative breaking of the scale invariance introduced by S. Coleman and E. Weinberg [21] , which we name the CW mechanism. They have shown that the renormalization of several classical scale-invariant Lagrangians leads to a spontaneous breaking of the scale invariance. The key reason is that those model possess an instability with respect to infrared singularities at the quantum level. In particular, in the considered massless φ 4 model a stable minimum of the effective potential seems to lie outside the region of the one-loop approximation applicability.
But it was shown also that such a mechanism works for a system of scalar and vector fields with abelian or non-abelian interactions. It is commonly supposed that the dimensional transmutation in the QCD [22] has the same radiative symmetry breaking origin due to the conformal anomaly, even so that the perturbative approximation does not work in the QCD at low energies. Modern simulations of the QCD on lattice support this conjecture. In the present paper we extend the Coleman-Weinberg formalism of the radiative symmetry breaking for a system of scalar and fermion fields with Yukawa interactions.
Let us start at the classical level with the conformal-invariant Lagrangian describing one scalar and one fermion field:
where φ c and Ψ c are classical massless fields. This model is obviously renormalizable. At the quantum level (index "c" is then removed) we have to add counterterms of all possible kinds:
The classical scale invariance provides the explicit condition for the mass-like counterterms B and E: they should cancel out with the relevant loop diagram contributions. Note that in the one-loop approximation the term F φ corresponds to the tadpole fermion loop diagram, i.e., φ Ψ Ψ . The latter is proportional to the integral
which is exactly zero for a massless fermion (m f = 0). However, according to ref. [21] , it is not possible to preserve the classical scale invariance in a wide class of systems at the quantum level because of infrared instabilities in quantum loop corrections.
So, it turns out that the renormalization point should be shifted away from the origin φ = 0. The so called radiatively induced symmetry breaking takes place in the system because the effective potential of the scalar field is infrared divergent at φ = 0. We extend this idea to the model (2) that at the quantum level should be renormalized at φ = M = 0, where M is an energy scale. In other words, the classical conformal-invariant theory possesses a quantum instability, called conformal anomaly. Nevertheless, the breaking of the symmetry is dynamical or spontaneous 2 , and the classical symmetry continues guiding the system. As the result, the so called dimensional transmutation happens, a dimensionless parameter of the classical Lagrangian can be traded for a dimensionful one (actually for a ratio of some energy scales). After shifting the renormalization point from φ = 0, we have to perform the following steps: 1) look for the minimum of the effective potential; 2) analyze the masses of our fields in this point; 3) test the stability of the system in the resulting potential. The latter condition should be the principal one in construction of a physical model.
As was proved by Coleman and Weinberg [21] , even a pure φ 4 self-interaction of a scalar field gives rise to a radiative breaking of the conformal symmetry. However, to obtain a stable solution for the effective potential minimum a coupling to a gauge field was added. In our consideration we use a Yukawa coupling to a fermion field. This field yields an additional contribution to the effective potential and helps effectively to reach a stable minimum in the perturbative domain of the coupling constant values. As it is stated in ref. [21] "there is no obstacle to extending the formalism" for this case, and it does not matter "whether we couple our external sources to fundamental or composite fields".
Let us study the fermion condensate Ψ Ψ . Its value is proportional to the integral (4). The latter is extremely unstable with respect to appearance of a mass of the fermion. Direct calculations show that even a tiny (but non-zero mass) makes this integral being quadratically divergent:
where Λ is an ultraviolet cut-off. Then it should be renormalized by a corresponding counter term. The classical conformal symmetry condition explicitly requires a complete cancellation of this divergent loop contribution by the corresponding counterterm EΨΨ. Similar to the consideration for a scalar field in ref. [21] , we are forced to shift the renormalization point to a non-zero value. Therefore, it seems reasonable to conjecture that our model possesses a loop-back effect: i)if a non-zero value for the scalar field condensate appears (due to a quantum effect), it immediately yields a mass for the fermion; ii) the fermion field creates also a non-zero (even divergent) condensate; iii) the condensate allows to the scalar field to have a nonzero vacuum expectation value. Of course, this is just a schematic description of the loop-back effect, while one has to find a stable self-consistent solution of the system as a whole. Moreover, the proper renormalization should be applied consistently for the both fields. Unfortunately, the system of equations for the effective potential even at one loop approximation is rather non-linear, and we do not have exact results. In this sense our problems is similar to the QCD one. Nevertheless, our conjecture is that the CW mechanism works for our case, and there exists a stable solution.
As a next step, we consider the case of the conformal-invariant Lagrangian of the Higgs boson interactions
2 According to the classification of the types of symmetry breaking suggested by Y. Nambu [23] .
where only the most intensive terms are listed: the self-interaction and the Yukawa one with the top quark. Note that we have dropped the tachyon mass term from the SM. Further, we assume that the O(4) symmetry of the Higgs sector should be spontaneously broken to the O(3) symmetry 3 . This assumption will be confirmed below. As a result, the construction should give rise to a non-zero Higgs field vacuum expectation value v.
Vacuum averaging with subsequent renormalization of the fermion operators in eq. (6) leads to the potential of the form
The extremum condition for the potential dV (h)/(dh)| h=v = 0 yields the relation
The nontrivial solution of the minimum condition leads to the standard decomposition h = v+H, where H represents excitations (non-zeroth harmonics) with the condition d 3 xH = 0. The Yukawa coupling of the top quark y t ≈ 0.99 is known from the experimental value of the top quark mass m t = vy t / √ 2 ≃ 173.2 GeV [24] . Thus, the spontaneous symmetry breaking yields the potential minimum which results in the non-zero vacuum expectation value v and Higgs boson mass. In fact, the substitution h = v + H into the potential (7) gives
which defines the scalar particle mass as
We stress that this relation is different from the one (m H = λv) that emerges in the SM with the standard Higgs potential (1). With the aid of eqs. (8) and (10), the squared scalar particle mass can be expressed in terms of the top quark condensate:
To have m H = 125 GeV we need
As discussed above, such a value of the top quark condensate does not affect the low energy QCD phenomenology. The value of the top quark condensate in our case should correspond to a certain adjustment of the divergent loop integral renormalization. This adjustment resembles a fine-tuning. However, it is quite different from the fine-tuning in the Higgs boson mass renormalization. First, note that the energy scale of the top quark condensate appears to be the same as the general electroweak one given by the Higgs boson mass and VEV values. Considering the explicit examples of the radiative symmetry breaking [21] , we find that the generated values of masses and condensates are defined by the values of the renormalization scale and the coupling constants. In fact, we substitute the tachyon mass by a single renormalization scale of the CW mechanism. This renormalization scale is not an "additional" one to the SM, in our scenario it is the only second one after Λ QCD . The value of this scale can not be derived starting from the conformal Lagrangian. Therefore, we adjust the renormalization condition to an observable in eq. (12) .
Let us analyse also a similar structure observed in the low-energy QCD. It is natural assume that the scale of the light quark condensate, ū u ≈ −(250 MeV) 3 , is related to the scale of the conformal anomaly in the QCD. At the same time, those anomalous properties of the QCD vacuum lead to the constituent mass of a light quark to be of the order 300 MeV. Some anomalous properties of the relevant vacuum give rise to the mass of top quark 4 and to the condensate being of the same energy scale.
Although we have dropped the scalar field mass term from the classical Lagrangian, it will re-appear after quantization and subsequent renormalization. In fact, such a counterterm in the Higgs sector is necessary. According to ref. [16] , the conformal symmetry of the classical Lagrangian will lead just to the proper quantity in the mass term being consistent with all other quantum effects. A similar situation takes place in QCD: the chiral symmetry at the quark level re-appears at the hadronic level even so that the breaking is obvious [25] .
Conclusions
We suggest the mechanism of radiative breaking of the conformal symmetry in the Standard Model. This enables us to resolve the problem of the regularization of quadratically divergent tadpole loop integrals by relating them to the condensate values extracted from the experimental observations. In our construction, the top quark condensate supersedes the tachyon-like mass term in the Higgs potential. The considered mechanism allows to establish relations between condensates and masses including the Higgs boson one. In this way, we propose a simple bootstrap between the Higgs and top fields (and their condensates).
Our approach is similar to the one commonly accepted in the QCD. In fact, the conformal symmetry breaking in the QCD provides a single energy scale for the light-quark and gluon condensates as well as for the constituent quark mass. For the time being, we are not able to describe these phenomena in the QCD using only its Lagrangian. We can, however, extract the relevant scales from observables. In the same manner, the scale of the top quark mass, which appears due to the Higgs condensate, might be naturally related to the scale of its own condensate.
It is noteworthy that we consider the Higgs boson as an elementary particle, without introduction of any additional interaction beyond the SM. After the spontaneous symmetry breaking in the tree-level Lagrangian, the difference from the SM appears only in the value of the Higgs boson self-coupling constant. The latter can be extracted from the LHC data only after the high-luminosity upgrade, and it will be certainly measured at a future linear e + e − collider.
